In addition to its role in translation termination, eRF3A has been implicated in the nonsense-mediated mRNA decay (NMD) pathway through its interaction with UPF1. NMD is a RNA quality control mechanism, which detects and degrades aberrant mRNAs as well as some normal transcripts including those that harbour upstream open reading frames in their 5ʹ leader sequence. In this study, we used RNAsequencing and ribosome profiling to perform a genome wide analysis of the effect of either eRF3A or UPF1 depletion in human cells. Our bioinformatics analyses allow to delineate the features of the transcripts controlled by eRF3A and UPF1 and to compare the effect of each of these factors on gene expression. We find that eRF3A and UPF1 have very different impacts on the human transcriptome, less than 250 transcripts being targeted by both factors. We show that eRF3A depletion globally derepresses the expression of mRNAs containing translated uORFs while UPF1 knockdown derepresses only the mRNAs harbouring uORFs with an AUG codon in an optimal context for translation initiation. Finally, we also find that eRF3A and UPF1 have opposite effects on ribosome protein gene expression. Together, our results provide important elements for understanding the impact of translation termination and NMD on the human transcriptome and reveal novel determinants of ribosome biogenesis regulation.
Introduction
At the final step of mRNA translation, the stop codon is recognized by the translation termination complex which induces the release of the nascent polypeptide [1] . In some cases, translation termination events are recognized by the nonsense-mediated mRNA decay (NMD) machinery which triggers mRNA degradation [2] [3] [4] . mRNA degradation by the NMD pathway requires translation termination to proceed and these processes are intimately related at the molecular level. It also requires the recognition of a termination event as 'premature' by the NMD machinery. NMD triggered by premature termination codons (PTCs) was first discovered for aberrant mRNAs harbouring a mutation in the open reading frame (ORF) or resulting from incorrect splicing [5] [6] [7] . Later, PTCs were detected in non-faulty mRNAs having long 3ʹ untranslated region (3ʹUTR) or carrying uORFs in their 5ʹ leader sequence or with splicing in the 3ʹUTR or in regular alternative splice products [8] [9] [10] [11] [12] . However, the definition of a PTC remains imprecise and the extent of stop codon recognition as NMD substrate is still a matter of intensive research. Recent studies on the molecular mechanisms governing the relationship between NMD and translation termination shed new light on the definition of a PTC which seems to be strongly correlated to the efficiency of translation termination [3, 4] .
In mammals, the eRF1-eRF3A translation termination complex binds to the terminating ribosome with a stop codon positioned in the A site and triggers polypeptide release. The efficiency of translation termination is enhanced by the interaction of eRF3A with the cytoplasmic poly(A)binding protein PABPC1 [13, 14] . The translation termination complex also mediates NMD through its interactions with SMG1 and UPF1 in the SURF complex that assembles at PTCs [15] . However, this view of NMD and translation termination interplay based on direct interaction between UPF1 and eRF3A was recently challenged by the finding that this interaction is actually mediated by UPF3B, a factor which could promote NMD through its interaction with UPF1 and controls translation termination efficiency through its interaction with eRF3A [4, 16] . Studies on NMD factors have established that the key determinants to trigger NMD are those that delay translation termination together with those that prevent eRF3A-PABPC1 interaction. These NMD determinants are the presence of an exon-junction complex (EJC) downstream of the stop codon (> 50 nucleotides), the phosphorylation of UPF1 by SMG1, and the distance between the terminating ribosome and the poly(A) tail-associated PABPC1 [11, 17, 18] . The current view is therefore that of a tight functional association between NMD and translation termination.
Genome wide studies have shown that the NMD pathway is not only implicated in mRNA surveillance of aberrant transcripts but also regulates the steady state level of many physiological transcripts, contributing to the fine-tuning of their expression [10, 12, [19] [20] [21] [22] [23] [24] [25] [26] . Some of these studies revealed that transcripts coding for NMD factors are among the NMD targets and thus participate to a feedback regulatory mechanism that protects cells from the deleterious effect of NMD perturbation [12, 23, 27] . Together the numerous reports on the NMD pathway uncover its substantial role in many cellular processes, from development and differentiation to stress response and immunity [28] .
Conversely, the impact of translation termination efficiency on gene expression is poorly documented. The release factor eRF3A is a key actor of translation termination and NMD through its binding to eRF1 and UPF3B/UPF1 complex. By controlling translation termination efficiency, eRF3A may also influence the expression of uORF-carrying mRNAs as previously shown for the particular case of ATF4 [29] . Apart from its role in translation termination, eRF3A was shown to act in the control of cell cycle [30, 31] , in mTOR signalling [32] , in apoptosis [33, 34] and in mRNA deadenylation through its interaction with the poly(A)-binding protein PABPC1 [35, 36] . Thus, eRF3A may potentially regulate the expression of many mRNAs including a number of NMD targets.
To address this issue, we evaluated translation by ribosome profiling and mRNA level by RNA-seq in human cells subjected to either eRF3A-or UPF1 depletion. Our bioinformatics analyses allow to delineate the features of the transcripts controlled by eRF3A and UPF1 and to compare the impact of each of these factors on gene expression. We also drew up a transcriptome-wide map of translated uORFs that yields new insights on the importance of translation termination and NMD in uORF-driven mRNAs expression. Lastly, we found that eRF3A and UPF1 have opposite effects on the expression of ribosome protein genes.
Results

Genome-wide analysis of the transcriptome and translatome of eRF3A-and UPF1-depleted human HCT 116 cells
To explore the effects of translation termination factor eRF3A and NMD factor UPF1 on gene expression regulation, we performed a transcriptome-wide map of ribosome-protected mRNA sequences in human HCT 116 cell line depleted in either eRF3A or UPF1. Parallel cell cultures were electroporated with plasmids expressing either a non-silencing shRNA sequence or shRNAs targeting eRF3A or UPF1 mRNAs [29] . The non-silencing shRNA sequence (sh-Ctrl) served to generate reference experiments and control data set. Three days after electroporation, cells were blocked in translation elongation by cycloheximide treatment and cell extracts were prepared. For the two biological replicates, the Western blot analyses showed that eRF3A and UPF1 protein levels decreased by approximately five-fold under knockdown conditions ( Fig. 1A ) and the RNA-seq data showed that eRF3A and UPF1 mRNA levels were reduced to 22% and 37% of control levels, respectively ( Fig. 1B) .
Then, each cell lysate was used to prepare both ribosomal footprint and mRNA libraries and thus obtain matched data. Two biological replicates of ribosomal footprint and mRNA libraries were generated and subjected to deep sequencing to obtain the Ribo-seq and the RNA-seq data sets, respectively. Ribo-seq and RNA-seq reads were aligned against the human genome assembly hg38 (Genome Reference Consortium Human Build 38).
After discarding rRNA and multiple aligned reads, we obtained 1.8x10 7 and~1.2x10 8 unique mapped reads per sample for RNA-seq and Ribo-seq data, respectively (see Supplemental Figure S1 for details). Our Ribo-seq and RNA-seq data sets were highly reproducible across deep-sequencing replicates as well as across biological replicates, with Pearson correlation coefficient (R) values > 0.97 (Supplemental Figure S2 , A and B). Reads data were therefore pooled over replicates for further analysis. For Ribo-seq data, ribosome-protected fragment-length assays generated a peak of 29-30 nucleotides for all samples, as expected for mammalian ribosomal footprints (Supplemental Figure S2C ). Moreover, providing additional evidence for footprint of ribosomes decoding the message, a 3-bp periodicity at the 5ʹ end of the read coverage was apparent as a peak at 0.33 Hertz on the periodogram (Periodicity = 1/Frequency) for the coding sequences (Supplemental Figure S2D , CDS panel), and not for the 5ʹUTRs (Supplemental Figure S2D , 5ʹUTR panel).
Then, we used the RNA-seq and Ribo-seq data sets to establish a transcriptome map of HCT 116 cells (see Material and Methods section for details). This allowed us to eliminate the poorly-supported transcripts and to obtain homogeneous sets of mRNAs that were used for further analyses.
Differential expression analysis of eRF3A and UPF1-depleted cells
A differential expression analysis of mRNA (RNA-seq) and translational (Ribo-seq) level changes was conducted using DESeq2 [37] to compute log2 fold changes (log2FC) between two conditions, either eRF3-depleted (sh-eRF3A) versus control (sh-Ctrl) cells or UPF1-depleted (sh-UPF1) versus control cells. The adjusted p-value (p adj) threshold for significant changes was set to 0.05 (Supplemental file S1).
For eRF3A-depleted cells (eRF3A knockdown or eRF3A KD), we identified 2,688 genes that had significant changes in mRNA level (1,574 up-regulated and 1,114 down-regulated) and 2,645 genes that had significant changes in translation (1,450 up-regulated and 1,195 down-regulated; see Supplemental file S1). The vast majority of these genes (2,144) exhibited significant changes at mRNA level as well as translational level (Supplemental Figure  S3A ). For UPF1-depleted cells (UPF1 KD), we identified 784 genes with significant changes in mRNA level (533 up-regulated and 251 down-regulated) and 815 genes that had significant changes in translation (502 up-regulated and 313 downregulated). Again, the majority of these genes (563) were significantly changed, at both, mRNA and translational levels (Supplemental Figure S3B ).
Interestingly, when comparing the modified sets of genes between both conditions, i.e., eRF3A and UPF1 knockdowns, we found a low overlap of only~250 targets when analysing either the mRNA or the translational levels ( Fig. 2A,B ). The fact that the target sets of these two factors were poorly overlapping suggested that eRF3A and UPF1 impacted very differently cellular processes. These differences were confirmed by Gene Ontology analysis [38] (Supplemental Figure S4 ). eRF3A knockdown targets showed highly significant enrichment for genes associated with cellular response to stress, regulation of transcription and cell cycle progression. This is in agreement with the reported literature showing that eRF3 is involved in the control of cell cycle progression [30] [31] [32] and in the cellular response to stress through its effect on the translational control of the transcriptional activator ATF4 [29] .
Although UPF1 knockdown targets were also enriched in genes related to cell cycle and stress, this enrichment is much lower than that observed for eRF3A knockdown (Supplemental Figure S4 ). The moderate overlap between eRF3A and UPF1 targets could be explained by UPF1 functions that are not linked to mRNA translation. Indeed, UPF1 is partly located in the nucleus where it acts in telomere maintenance [39] and in the early events of mRNA biogenesis including transcription elongation [40] and nonsense-associated alternative splicing [41] .
The differences in gene expression described above suggested that eRF3A and UPF1 most likely had divergent effects on translation and mRNA level regulations. Thus, we plotted the fold change in translation (Ribo-seq) against the fold change in mRNA levels (RNA-seq). For the vast majority of both eRF3A and UPF1 target genes, that showed significantly changed expression ( Fig. 2C ,E, green circles), the fold change of the Ribo-seq was proportional to the fold change of the RNA-seq (i.e., the majority of the points fall on the diagonal) indicating that the regulation is mainly at the mRNA level, and impacts either mRNA stability or transcription. This prompted us to examine the status of transcriptional modulators involved in a broad range of cellular processes. As shown on Fig. 2 (panels D and E), the expression level of a number of transcriptional regulators (red dots) was significantly affected. Some were altered either by eRF3A or by UPF1 depletion while others were affected by both. This profound rearrangement of the transcriptional landscape was particularly clear for eRF3A knockdown. Interestingly, for some transcriptional regulators such as GATA2, ETS1, E2F2, RUNX1 and NFKBIZ, eRF3Aand UPF1-depleted cells exhibited opposite changes in expression ( Fig. 2F ). These differences in the mRNA level of transcription factors may explain the poor overlapping of eRF3A and UPF1 targets. At the same time, some other transcriptional modulators such as ATF4 and IFRD1 were impacted in the same way by both knockdowns. Interestingly, these two factors contain regulatory uORFs that control the main ORF expression via mechanisms involving translation as well as mRNA stability such as NMD [29, 42, 43] .
Then, RT-qPCR assays were used to verify the results of the gene expression changes in RNA-seq data, with particular focus on the transcription modulators mentioned above. The mRNA for β2-microglobulin (B2M) was used as the endogenous reference mRNA in the qRT-PCR assays. eRF3A and UPF1 mRNAs were used as controls to assess knockdown efficiencies. As shown in Fig. 3A , RT-qPCR data correlated well with the RNA-seq results ( Fig. 2 and Supplemental File S1). To validate our differential expression analysis of Ribo-seq data, we also examined the protein level of ATF4 and IFRD1 together with the transcriptional regulator C/EBPβ whose translation is controlled by an uORF located within the long activating form (LAP*) coding sequence, downstream of the main CDS start codon (Fig. 3B ). The expression of the short inhibitory form (LIP) of C/EBPβ is regulated at the translation level by this internal uORF [44, 45] . The results of Western blot analysis of ATF4, IFRD1 and C/EBPβ proteins in eRF3A-and UPF1-depleted cells ( Fig. 3C ) confirmed our differential analysis, showing an increase in ATF4 and IFRD1 translation for both knockdown conditions. For C/EBPβ translation, we observed an increase in the LIP form in eRF3A-depleted cells only ( Fig. 3C ). This last result was expected as C/EBPB gene encoding C/EBPβ lacks introns and is therefore probably not sensitive to NMD.
Regulation of mRNAs carrying uoRFs in eRF3A-and UPF1-depleted cells
We then decided to draw up a comprehensive map of the expression of uORF-carrying genes in HCT 116 cells with the aim to identify those that are regulated by translation termination and those regulated by NMD. To compute the detection of uORFs with translation signals in HCT 116 cells, we used a twostep strategy. We first inferred all potential uORFs in the human transcriptome. For this purpose, an uORF was predicted as a sequence in mRNA 5ʹUTRs starting either by a canonical AUG or by a non-AUG codon in the RCCNNNG (R being a purine nucleotide and NNN the initiation codon) optimal context for translation initiation [46] and ending with an in frame stop codon. This led to a list of 8,827 transcripts with predicted uORFs. In parallel, for each transcript, we processed the Ribo-seq data to detect translation signals (ribosome protected fragments) in the 5ʹUTRs, regardless of the sequence information. We then compared the Ribo-seq detected signals with the 'predicted uORFs' to determine truly translated uORFs, i.e., a predicted uORF containing Ribo-seq signals, within HCT 116 transcriptome. This task was achieved using the algorithm presented in Supplemental Figure S4 and homemade Python 3 scripts. However, assigning a codon as an initiation site is also dependent on the ribosome footprint coverage threshold that is used to distinguish starts from non-starts. Thus, we set the threshold of read coverage per nucleotide to 10. The overall results mapped 2,726 mRNAs carrying~7,000 translated uORFs. One can note that a high number (4,179) of transcripts with predicted uORFs were not selected through our algorithm (Supplemental Figure S5 ). This was due predominantly to the fact that these transcripts were not part of our HCT 116 cells transcriptome, and, for the remaining ones, to the absence of ribosome footprint coverage matching the predicted uORF. In addition, among the Ribo-seq signals detected in 5ʹUTRs, 1,922 signals (noted 'unverified' in Supplemental Figure S5 ) could not be attributed to uORFs either through our algorithm or by visual inspection. Because we were unable to decide whether these signals corresponded to truly translated sequences, they were excluded from our analysis.
We next used our generated data of translated uORFs (tuORFs), to analyse the status of mRNAs carrying uORFs in eRF3A-and UPF1-depleted HCT 116 cells. Thus, we examined the differentially expressed mRNAs (p adj < 0.05) in the Ribo-seq data sets of eRF3A (2,645 mRNAs) and UPF1 (815 mRNAs) knockdowns, and found 596 uORFcarrying transcripts for eRF3A depletion and 186 for UPF1 depletion (Fig. 4A ). Interestingly, among these transcripts, only a small fraction (63 mRNAs) was common to both knockdowns ( Figure 4A ) including ATF4 and IFRD1 mRNAs. This result not only confirmed that different sets of transcripts are regulated at the translational level by either eRF3A or UPF1 ( Fig. 2B ) but also suggested that there are at least two different classes of uORFs, the one being involved in the control of mechanisms related to eRF3A function including NMD, and the second acting on the regulation of UPF1-driven processes beyond NMD [3] .
Several studies reported that uORFs drive broad repression of downstream translation and correlate with lower steady-state mRNA levels [47, 48] . We thus sought to characterize the overall effects of eRF3A and UPF1 knockdown on uORF regulatory capacity. To this end, we compared the changes in mRNA abundance and main ORF translation for mRNAs containing at least one translated uORF with that of all mRNAs devoid of translated uORFs, i.e., those without uORFs and those with nontranslated uORFs (noted 'w/o tuORFs' in Fig. 4 ). For mRNAs with a translated uORF, this analysis revealed a broad upregulation of mRNA abundance (p = 2.0 x 10 −20 , p-values determined by Wilcoxon rank sum test) following eRF3A depletion ( Fig. 4B ) and a global and significant (p = 6.5 x 10 −15 ) increase in main ORF translation (Supplemental Figure S6 ). These results indicate that eRF3A depletion globally derepressed the expression of mRNAs containing translated uORFs and . mRNA levels of eRF3A, UPF1 and selected eRF3A and UPF1 targets are shown. The ratio of mRNA levels in either eRF3A knockdown (sh-eRF3A) or UPF1 knockdown (sh-UPF1) versus control cells (sh-Ctrl) was calculated, mRNA levels in the control cells was set to 1.0. Bars and error bars correspond to mean values and standard deviations from two independent experiments. (B) Schematic illustration of the organization of uORFs in the transcripts of ATF4, IFRD1 and C/EBPβ. The start codon context of the uORFs is indicated. ATF4 mRNA carries two uORFs with uORF2 overlapping ATF4 main ORF, IFRD1 mRNA presents only one uORF and C/EBPβ mRNA present a single uORF located within its main ORF. The different isoforms of C/EBPβ termed LAP* for liver-activating protein*, LAP and LIP for liver inhibitory protein are translated from three consecutive in-frame AUG codons [86] . (C) Western blot analysis of eRF3A, UPF1 and ATF4 (left panels), IFRD1 (central panel), or C/EBPβ proteins (right panel) in control cells (sh-Ctrl), eRF3A-depleted cells (sh-eRF3A) and UPF1-depleted cells (sh-UPF1); α-Tubulin (α-Tub) served as a loading control.
suggest that translation termination plays a key role in the modulation of translation driven by uORFs. In contrast, the level of mRNAs with translated uORFs was not more sensitive to UPF1 depletion than was that of mRNAs without translated uORFs (w/o tuORF versus tuORF in Fig. 4C ). These findings suggest that most of the translated uORFs do not affect the mRNA level and hence do not trigger NMD. Interestingly, when we selected only mRNAs with uORFs starting at an AUG initiation codon surrounded by the RCCaugG optimal nucleotide context for translation initiation, also called the 'Kozak context' [46] , we found a clear increase of mRNA levels in UPF1 knockdown cells (Fig. 4C ). This suggests that solely uORFs with high translation initiation efficiency are bona fide NMD activators. Thus, the context surrounding the initiation codon of uORFs appears to be one of the key determinants for triggering NMD. It is to be mentioned that the presence of an AUG in the Kozak context does not significantly increase the level of mRNAs carrying tuORFs in eRF3A depleted cells (Fig. 4B ).
Regulation of ribosomal protein genes in eRF3A-and UPF1-depleted cells
Previous genome-wide studies showed that mRNAs coding for NMD factors are themselves targeted by NMD resulting in a feedback regulation of NMD [12, 23, 27] . To assess this feedback regulation in our samples, we verified whether the knockdown of UPF1 had an effect on the expression of NMD genes. As shown in Fig. 5 (panels A and B) , most of the constituents of the NMD pathway were indeed overexpressed in UPF1-depleted cells, conversely to eRF3A-depleted cells. We next extended our analysis to the entire translation process. Thus, we sought to examine the effects of eRF3A and UPF1 depletions on the expression of factors involved in the initiation, elongation and termination steps of translation. We did not observe any clear effect of either eRF3A or UPF1 depletion on the expression level of translation factors (Supplemental Figure S7 ).
Because the ribosome is a key component of the translation process, we next compared the effect of eRF3A or UPF1 knockdown on the expression of ribosomal protein (RP) genes. Unexpectedly, the heatmap and scatter-plot representations revealed a broad upregulation of ribosomal protein mRNAs in eRF3A-depleted cells whereas the large majority of these mRNAs were globally downregulated in UPF1-depleted cells (Fig. 5C-E) . The statistical twotailed t-test analysis confirmed that these differences in RP expression were highly significant (p = 3.3x10 −30 for RNA-seq and p -= 2.5x10 −27 for Ribo-seq, Fig. 5D ). Therefore, the important question was the nature of the mechanism leading to these opposite effects. A correlation of RP gene expression between both conditions would be a strong indication for a common control mechanism. However, correlation coefficient measurement for RP mRNAs showed that there is likely no correlation in RP gene expression between the two conditions (Spearman coefficient ρ = 0.272 for RNA-seq and 0.192 for Ribo-seq data, Supplemental Figure S8 ). This result is consistent with the possibility that two independent regulatory processes are responsible for the reverse effects of eRF3A and UPF1 on RP gene expression. 
Discussion
Whereas several genome-wide RNA-seq and RNA half-life analyses have previously identified the transcripts that are dysregulated in response to UPF1 knockdown [20, 21, 23] , the effect of eRF3A depletion on mammalian transcriptome has not been documented previously. In the present study, we established the genome-wide landscape of gene expression in human cells depleted either in the translation termination factor eRF3A or in UPF1, a key actor of the NMD pathway, using RNA sequencing and ribosome profiling [49, 50] . The RNA-seq and Ribo-seq data sets allowed us to compare for both, eRF3A and UPF1 knockdowns, the modifications of mRNA and translation levels for thẽ 13,000 transcripts expressed in HCT 116 cells. Our comparison highlights a number of interesting features on the role of translation termination and NMD in physiological gene expression.
Our analyses show that both factors participate in the finetuning of gene expression however with highly divergent effects. The differential analysis of eRF3A-depleted versus control cells reveals that most of the genes that are regulated at the mRNA level, are also affected at the translational level (Fig. 2D) . Interestingly, among the up-regulated genes, we found a number of positive regulators of transcription such as ATF4, ATF6, IFRD1, RUNX1, TP53, JUN, C/EBPβ, C/EBPγ (Fig. 2) . The translational changes of these transcription factors might consequently cause important changes in the rate of transcription of their target genes, which could then indirectly affect their translational level. The combined effects of changes in mRNA levels and translational control on transcriptional regulators provides for versatility in regulating gene expression program. A well-documented example of this versatility is given by ATF4 for which this combination of transcriptional regulation and translational control allows to selectively repress or activate key regulatory genes that are essential for maintaining the balance between stress remediation and apoptosis [51] . This may explain the particular enrichment of genes involved in stress response and apoptosis in eRF3A-depleted samples (Supplementary Figure S3 ). In addition, these transcriptional regulators are downstream targets of signalling pathways controlling the cell cycle progression such as the mTOR pathway which was previously shown to be inhibited by eRF3A depletion [32] . Interestingly, the analysis of the impact of UPF1-knockdown on gene expression revealed that eRF3A and UPF1 have largely nonoverlapping sets of targets (less than~250 targets are common to both factors, Fig. 2A ). Nevertheless, we observed that, as eRF3A knockdown, UPF1 depletion also induced altered expression of the same set of transcription factors, though to a slightly lesser extent or with an opposite effect. This agrees with previous reports showing that a number of transcriptional regulators are direct or indirect targets of NMD [20, 21, 23] . As an example, the upregulation of ATF4, ATF3 and IFRD1 transcripts following NMD inhibition has been well documented [10, 23, 43, 52] and validates our observations. The important point revealed by our differential analyses, is that the efficiency of translation termination as well as that of NMD have considerable and unexpected influence on the mRNA landscape, although these actions might be largely indirect.
Sequence-based analyses have identified uORFs in the transcriptomes of a variety of organisms and have shown that genes with an uORF represent up to 50% of the human genome [53, 54] . In addition, transcripts with uORFs have seemingly lower protein expression levels than transcripts without uORFs [47, 55] . However, as noticed by Wethmar et al. [56] , remarkably few uORFs have been functionally studied when compared to the number of predicted uORFs. Thus, it is still largely unclear what fraction of uORFs effectively undergoes translation, and, besides mRNA sequence elements, what are the factors that influence uORF function. eRF3A and UPF1 are good candidates to be part of such regulating factors. Indeed, by decreasing translation termination efficiency, depletion of release factors promotes translational readthrough of stop codons [57] and hence is potentially regulating the translation of mRNAs harbouring uORFs. In addition, by creating a premature stop codon, uORFs may render these mRNAs susceptible to NMD. In this study, we establish a comprehensive map of the functional uORFs of human HCT 116 cells to bring new insights on how translation termination and NMD may influence uORF function. Using a computational analysis based on Ribo-seq data, we obtained a list of 2,726 mRNAs carrying translated uORFs. Strikingly, the number of mRNAs with translated uORF appears rather low, constituting onlỹ 40% of the predicted uORF-carrying mRNAs (6,896) in our reference HCT 116 transcriptome (see Supplemental file S1).
The regulatory potential of a uORF is mainly controlled by the uORF structural properties such as its length, its position in the mRNA leader sequence, the distance from the main ORF, and importantly, the context of the initiation codon [56] . The influence of translation termination efficiency could therefore be limited to the small portion of uORFs with favourable structural properties, such as those of ATF4 and IFRD1 mRNAs. However, we observed that eRF3A knockdown globally increased mRNA levels and main ORF translation for mRNAs carrying translated uORFs ( Fig. 4B and Supplemental Figure S6A ). This suggests that eRF3A depletion relieves the inhibitory effect of uORFs regardless of their structural properties. This finding strengthens the idea that the accuracy of translation termination is one of the determinants of the regulatory function of uORFs either by controlling the efficiency of stop codon readthrough or by influencing the reinitiation capacity of post-termination ribosomes [56] .
An overall up-regulation of transcripts harbouring translated uORFs was not observed for UPF1-depleted cells. Nevertheless, a clear up-regulation of mRNA levels was observed when the list of uORFs was restricted to those having an initiator AUG codon in the optimal Kozak context ( Fig. 4C ). These findings lead to the conclusion that one should be cautious with the suggestion that translated uORFs commonly trigger NMD. Several reports have questioned the mechanisms that allow mRNA to escape NMD in the case of either AUG-proximal nonsense mutation [58] [59] [60] or uORFs [61] . These studies clearly show that NMD resistance mainly depends on the ability of post-termination ribosomes to reinitiate translation at a downstream start codon, the favourable features for an efficient reinitiation being a short uORF with unstructured sequence and a sufficiently long distance to the downstream initiation site [58] [59] [60] . The set-up of the reinitiation mechanisms prevents the association of NMD components with the termination complex, and thus, the reinitiation machinery, i.e., a 40S ribosomal sub-unit associated with initiation factors, resumes scanning and removes downstream EJC. It is interesting to note that the major difference between the 40S pre-initiation complex scanning the mRNA 5ʹUTR and by-passing an AUG in weak initiation context, the so-called 'leaky scanning' [62] , and the post-termination 40S ribosomal complex scanning downstream a stop codon towards the next initiation codon is the presence of the ternary complex eIF2-GTP-Met-tRNAi on the 40S preinitiation complex. In contrast, the post-termination 40S ribosomal complex must be reloaded with the ternary complex to become initiation competent. However, both of these initiation complexes may remove EJC while scanning the mRNA, and hence, may prevent the NMD activation. Thus, the leaky scanning mechanism could explain the absence of NMD activation in the case of mRNAs harbouring uORFs with weak initiation context. As strongly suggested by our results, among mRNAs having an uORF, solely those with the initiator AUG in a strong context may be direct targets of NMD. After careful review of the literature, we found only one experiment showing the influence of the AUG context on NMD activation [63] . This important point is now being investigated.
In mammalian cells, intricate networks of regulatory loops allow to maintain the homeostasis of normal gene expression, to adapt the cell response to changes in cellular environment and to protect cells from the deleterious consequences of various forms of stress. The negative regulation of NMD factors by NMD itself is a welldocumented example of these feedback mechanisms [12, 23, 27] . Our results corroborate the feedback control of UPF1 on NMD factors and furthermore uncover new feedback regulatory loops that fine-tune the level of RP mRNAs (Fig. 5 ). In eukaryotes, the expression of RP genes is tightly regulated by multiple control mechanisms at transcriptional and translational levels [64, 65] . These controls, that lead to the coordinate regulation of RP genes expression [66] , allow maintaining ribosome biosynthesis at the appropriate level dictated by cell growth conditions and cell environment constraints. This coordinate regulation of RP genes is strikingly well illustrated by our results showing that the majority of the RP mRNAs are clustered either above (eRF3A knockdown) or below (UPF1 knockdown) the control cell level (log2 Fold Change = 0 in Fig. 5E ). However, a few RP mRNAs escaped this clustering, and particularly RPL41 in UPF1 knockdown cells (Fig. 5C ). A previous omic study on human ribosome has noted this striking difference for RPL41 mRNA and suggested that its very short ORF, encoding only 25 amino acids, was responsible for a lower translation efficiency and for the need of a compensatory increase in mRNA abundance [67] . It has also been proposed that some RPs, which exert extraribosomal functions, are driven by additional specific regulatory mechanisms [68, 69] . This could be the case for RPL41 which was shown to be involved in a variety of processes such as degradation of transcription factor ATF4 and mitosis through its association with several cytoskeleton components [70, 71] .
Another unexpected observation is that eRF3A and UPF1 display opposite effects on RP gene expression. Although the transcriptional regulation of RP genes in eukaryotes is far from being completely elucidated, literature data argue that transcription of RP genes is controlled by the combination of a number of transcription factors including MYC, p53, RUNX1, GATA2, YY1, AP1 [64, [72] [73] [74] . As noted above, in our study the expression of several of the transcription factors known to be involved in RP genes regulation is modified by eRF3A or UPF1 knockdowns. However, it is hard to determine whether, in our experiments, RP gene regulation is modified due to the altered expression of a single transcription factor or a combination of them. It is also possible that different combinations of transcription factors with modified expression are responsible for the divergent effects observed.
Regardless of the precise mechanisms involved, our results suggest the existence of a feedback network that accurately adjust the expression level of RP genes to achieve the optimal ribosome synthesis required to maintain efficient translation together with cell homeostasis and low energy consumption. In normal cell growth conditions, the high efficiency of the translation process may negatively regulate RP gene expression, decreasing ribosome synthesis and thus lowering energy consumption. The outcome of a translation defect such as that induced by eRF3A depletion would be then a global upregulation of RP gene expression.
Our results also indicate that, in conjunction with its role in mRNA quality control, NMD may promote translation accuracy and ribosome renewal through the global up-regulation of RP gene expression. Thus, NMD perturbation could not only upregulate NMD factors, in order to restore its efficiency, but could also trigger the down-regulation of RP genes to slowdown the overall translation thus preventing the deleterious consequence of aberrant mRNA translation. Confirming our results, we also found a down-regulation of RP mRNAs in the data of previously published experiments on the effect of UPF1 knockdown in mammalian cells [21, 23] (Supplemental Figure S9) . Future studies will help to decipher the control mechanisms of these feedback responses and to assess their biological importance.
In summary, our comparative study emphasizes the divergent effects of eRF3A and UPF1 on mammalian transcriptome and identifies new regulatory loops controlling the expression of RP genes.
Material and methods
Plasmids and short interfering RNA
Plasmid expressing small interfering RNAs targeting eRF3A mRNA have been previously described [57] . Plasmids pSUPERpuro-hUPF1/I and pSUPERpuro-hUPF1 /II targeting two different sequences in human UPF1 [75] and pSUPERcontrol with the non-silencing shRNA sequence (5ʹ-ATTCTCCGAACGTGTCACG-3ʹ) used as negative control shRNA (sh-Ctrl) were a generous gift from O. Mühlemann.
Cell culture, electroporation and transfection
The HCT 116 cell line (ATCC number: CCL-247) was maintained in McCoy medium (Invitrogen) supplemented with 10% foetal calf serum, 100 mg/ml streptomycin and 100 U/ml penicillin at 37°C under 5% CO2 atmosphere. Electroporation of cells was performed with a Gene pulser II electroporation system (Bio-Rad) using 4.8 × 10 6 cells and 20 µg of plasmid DNA. eRF3 depletion was performed with sh-3a1 [29] . Depletion of UPF1 was induced by co-transfection of an equimolar mix of pSUPERpuro-hUPF1/I and pSUPERpuro-hUPF1/II plasmids [75] . The cells were collected 72 h after electroporation.
Western blot analysis
Cell pellets were resuspended in 100 µl of a lysis buffer (50 mM TrisHCl pH 8, 120 mM NaCl, 1% NP40, 1 mM EDTA) containing, complete EDTA-free cocktail of protease inhibitors and phosphatase inhibitor cocktail (Roche) and 1 mg/ml pepstatine. Cells were lysed on ice, centrifuged for 20 min at 16,000 x g and supernatant retained as cell extracts. Protein concentrations of extracts were determined using MicroBCA Reagent (Sigma), bovine serum albumin being used as standard. For each sample, 30 µg of total protein were loaded on polyacrylamide gel and subjected to electrophoresis. Western blotting was then performed as described [32] . Antibodies directed against human eRF3 were previously described [57] . Mouse monoclonal antibodies against α-Tubulin were purchased from GE Healthcare. Antibodies directed against human IFRD1 and ATF4 were purchased from Proteintech. Antibodies directed against human C/EBPβ (C-19) recognizer both LAP and LIP forms and were purchased from Santa Cruz. Antibodies directed against human UPF1 were purchased from Cell Signalling. Proteins were detected by chemiluminescence and exposure to X-ray film.
Purification of ribosome-protected RNA fragments
Ribosome Profiling was performed as described previously [76] . Briefly, monosomes were prepared by digesting polysome extracts (see above) for 1 hour at room temperature with 15 units RNaseI (Ambion) per OD unit. To pellet the resulting 80S monosomes, the RNaseI-digested polysomes were purified on a 24% sucrose cushion in polysomes extraction buffer (50 mM Tris-Acetate pH 7.6, 50 mM NH4Cl, 12 mM MgCl2) centrifuged for 2 h 15 min at 4°C, at 100.000 rpm in a TLA110 rotor using OptimaMAX-XP Beckman centrifuge. Each pellet was washed and resuspended in 750 µl of polysomes extraction buffer by pipetting up and down. Ribosome protected fragments (RPFs) of mRNA were purified using acid phenol-chloroform solution and ethanol precipitation. Then the RNA fragments were recovered in 500 µl of TE (10 mM Tris-HCl pH 7, 1 mM EDTA) containing SUPERase-IN 0.1 U/µl (Ambion) and stored at −20°C. Subsequently, RNA fragments were loaded on 17% polyacrylamide gel containing 7 M urea and subjected to electrophoresis for about 6 h at 150V with heating at 65°C. After migration, the gel was stained with SYBER Gold (Invitrogen) for 30 min, RPFs were visualized with a UV lamp at 300 nm, and the gel pieces containing the 28 nt RNA fragments were excised. Then, RNA fragments were eluted from the excised gel pieces and precipitated with ethanol in the presence of glycogen (20 mg/ml) overnight at −20°C. Finally, RPFs were depleted of major ribosomal RNA (rRNA) contamination present within the 28 nt eluted RNA fragments by subtractive hybridization using biotinylated oligonucleotides and were captured by MageneShere Paramagnetic streptavidin particles (Ribo-Zero Gold rRNA Removal Kit Illumina). The supernatants containing the ribosome footprints were recovered and the RNA was precipitated in ethanol in the presence of glycogen overnight at −20°C.
Purification of total RNA for RNA-seq
Total RNA was purified from HCT 116 cell extracts by hot acid phenol extraction. An equal volume of acid phenol was added to the extract that was vortexed for 1 h at 65°C, then centrifuged 10 min at full speed. Then, the RNA was extracted by adding an equal volume of chloroform to the first supernatant, vortexed for 5 min and centrifuged at full speed. The RNA was then precipitated over night at −20°C with 0.3 M Sodium Acetate pH 5.2 and 3 volumes ethanol 100%. Centrifuged at full speed for 20 min at 4°C, RNA were solubilized in 500 µl TE (10 mM Tris-HCl pH 7, 1 mM EDTA) containing SUPERase-IN 0.1 U/µl (Ambion) and subjected to rRNA depletion, as described above.
Library construction and sequencing
cDNA library from 100 ng RNA was prepared by the Imagif platform (Institut de Biologie Intégrative de la Cellule, Gif sur Yvette, France), using the TruSeq Small RNA Sample Prep Kit with 3ʹ sRNA Adapter (Illumina) according to the manufacturer's protocol. RNA integrity and quality was verified using Bioanalyzer Small RNA Analysis kit (Agilent). Sequencing was performed at the genomic platform of the Institut de Biologie de l'École Normale Supérieure (Paris, France) on an Illumina Nextseq 500 and with a single-read 75 cycle runs. Four sequencing libraries were prepared from purified RPFs and total RNA, for each of the two biological replicates of eRF3Adepleted, UPF1-depleted and control cells. A minimum of 7 × 10 8 reads were achieved for bioinformatics analysis.
Data analysis
Reads from transcriptome (RNA-seq) and ribosome profiling (Ribo-seq) libraries were trimmed using Cutadapt [77] , to remove the 3ʹ adapter of the reads 5ʹTGGAATTCTCGGGT-GCCAAGGAACTCCAGTCA3ʹ. Reads derived from rRNA were removed using Bowtie [78] and by aligning to the rRNA reference downloaded from the Ensembl BIOMART database [79] . The remaining non-ribosomal reads were then aligned to the human reference genome hg38 using TopHat2 [80] , allowing 2 mismatches and keeping only uniquely mapped reads. At the end, we obtained~1.2x10 8 RPFs mapping principally to the CDS. These reads were used for subsequent analysis. In parallel to Ribo-seq data, we obtained transcriptomic data, generating 8x10 7 reads from total RNA. As for ribosome profiling, we retained only uniquely mapped reads excluding rRNA sequences. After discarding all reads mapping to rRNA and all reads with multiple alignments, we obtained~1.8x10 7 reads.
Differential gene expression
Raw counts were obtained using FeatureCounts [81] based on hg38 human annotations. The counts were realized on the exons (feature) and regrouped by transcripts (metafeature) keeping only stranded counts. Then, the counts were normalized using DESeq2 [37] through the SARTools package using R 3.3.1 [82] . RNA-seq and Ribo-seq counts and their normalizations were computed separately. P-value threshold for significant changes was set to 5 × 10 −2 . Samples correlations were computed using the SERE statistics [83] . Gene Ontology analysis [38] was carried out using the DAVID gene ontology functional annotation tool (https://david.ncifcrf.gov/) with default parameters. We ranked terms according to the p-value.
Detection of principal transcript isoform
For most of the genes, annotations of human genome hg38 provide more than one transcript derived either from multiple transcription start sites, or alternative splicing or alternative polyadenylation sites. In addition, some of these annotated transcripts are poorly supported by primary data. However, only a sub-set of these transcripts are expressed in a given cell type, and constitute its transcriptome. To select the most representative transcripts for each gene, we first used the APPRIS annotation [84] keeping only transcripts containing the 'appris_principal' tags. This allowed us to eliminate the poorly-supported transcripts. Then, for genes with more than one transcript left, we selected the most expressed transcript. This selection was done using the normalized count of transcripts in control cells (sh-Ctrl), dividing by their length to obtain a comparable number. Transcripts of a same gene were then compared between each other and the most covered (Riboseq counts) species was selected. Comparison of the resulting transcriptome of control cells with those of eRF3A-and UPF1depleted cells showed only a very small number of changes in the sets of selected transcripts. Finally, using Ribo-seq data and visual inspection, these differences, mainly due to alternative splicing variations in the coding sequence, were standardized by retaining the transcript selected in the control cell transcriptome.
Real-time quantitative PCR analysis
Total RNA was extracted 72 h after electroporation using NucleoSpin RNAII Kit (Macherey-Nagel) and treated with DNase I, Amp Grade (Invitrogen) prior to cDNA synthesis. Total RNA (1 µg) was reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) according to manufacturer's instructions. Realtime PCRs were performed on a CFX384 Touch Real-Time PCR detection system (Bio-Rad) in 384-well plates. A mastermix containing 0.5 µM of forward primer, 0.5 µM of reverse primer and 5µL SYBR Green Master mix (Applied Biosystems) was prepared for each target or reference gene mRNAs. Primer pairs are listed in Table 1 . Reactions were carried out in 10 µL with 4 µL of cDNA from a 100X dilution of the RT reaction as PCR template and 6 µL of master mix. All reactions were performed in triplicate. Serial dilutions of a mixture of all cDNAs were used to generate a PCR standard curve. A negative control without cDNA template was run with every assay to assess the overall specificity. Absence of genomic DNA contamination was assessed using enzyme lacking reverse transcriptase reactions as template (no-RT). Data were analysed using Bio-Rad CFX Manager software v3.1. The amount of the target mRNA was normalized to the B2M (β2-microglobulin) reference gene mRNA. 
